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Abstract	27	

The	outbreak	of	COVID-19	caused	by	the	SARS-CoV-2	virus	has	created	an	unparalleled	28	

disruption	of	global	behavior	and	a	significant	loss	of	human	lives.	To	minimize	SARS-CoV-2	spread,	29	

understanding	the	mechanisms	of	infection	from	all	possible	viral	entry	routes	is	essential.	As	aerosol	30	

transmission	is	thought	to	be	the	primary	route	of	spread,	we	sought	to	investigate	whether	the	eyes	31	

are	potential	entry	portals	for	SARS-CoV-2.	While	virus	has	been	detected	in	the	eye,	in	order	for	this	32	

mucosal	membrane	to	be	a	bone	fide	entry	source	SARS-CoV-2	would	need	the	capacity	to	33	

productively	infect	ocular	surface	cells.		As	such,	we	conducted	RNA	sequencing	in	ocular	cells	isolated	34	

from	adult	human	cadaver	donor	eyes	as	well	as	from	a	pluripotent	stem	cell-derived	whole	eye	35	

organoid	model	to	evaluate	the	expression	of	ACE2	and	TMPRSS2,	essential	proteins	that	mediate	36	

SARS-CoV-2	viral	entry.	We	also	infected	eye	organoids	and	adult	human	ocular	cells	with	SARS-CoV-2	37	

and	evaluated	virus	replication	and	the	host	response	to	infection.	We	found	the	limbus	was	most	38	

susceptible	to	infection,	whereas	the	central	cornea	exhibited	only	low	levels	of	replication.	39	

Transcriptional	profiling	of	the	limbus	upon	SARS-CoV-2	infection,	found	that	while	type	I	or	III	40	

interferons	were	not	detected	in	the	lung	epithelium,	a	significant	inflammatory	response	was	41	

mounted.	Together	these	data	suggest	that	the	human	eye	can	be	directly	infected	by	SARS-CoV-2	and	42	

thus	is	a	route	warranting	protection.	43	

	44	

45	
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Introduction	46	

One	of	the	first	widely	reported	deaths	by	severe	acute	respiratory	syndrome	coronavirus-2	(SARS-47	

CoV-2)	in	early	January	2020	originated	from	an	ophthalmologist	in	Wuhan	who	reportedly	contracted	48	

COVID-19	from	an	asymptomatic	glaucoma	patient	1.	Coronaviruses	(CoVs)	are	a	large	family	of	RNA	49	

viruses	common	amongst	vertebrates2.	Once	thought	to	only	be	the	result	of	mild	upper	respiratory	50	

infections,	the	coronavirus	family	is	divided	into	four	subtypes	termed	alpha,	beta,	gamma,	and	delta,	51	

of	which	NK63	and	229E	(alpha	coronaviruses)	and	OC43	and	HKU1	(beta	coronaviruses)	are	the	most	52	

common.		The	emergence	of	SARS-CoV-1	(beta	coronavirus)	in	2002	was	the	first	evidence	that	this	53	

family	of	viruses	could	elicit	more	severe	disease,	infecting	>8,000	individuals	worldwide	with	a	54	

fatality	rate	of	~10%.		Ten	years	later	another	beta	coronavirus	emerged	termed	the	Middle	East	55	

respiratory	syndrome-related	coronavirus	(MERS-CoV)	that	has	infected	~2,500	people	with	a	case-56	

fatality	rate	of	>35%	since	2012	3.	While	neither	SARS-CoV-1	nor	MERS-Cov	resulted	in	a	pandemic,	57	

the	recent	2019	emergence	of	SARS-CoV-2	has	already	infected	over	ten	million	individuals	worldwide	58	

and	killed	more	than	half	a	million	people.		As	the	virus	spread	from	Asia	to	Europe	and	beyond,	social	59	

distancing	and	stay	at	home	orders	were	implemented	in	an	effort	to	slow	spread.		In	addition	to	this,	60	

the	use	of	face	masks	were	also	recommended	although	this	still	fails	to	protect	the	eyes	from	61	

contacting	the	virus.		In	agreement	with	research	on	SARS-CoV-1	and	MERS-CoV,	SARS-CoV-2	RNA	has	62	

been	found	the	eye4,	although	it	is	unclear	whether	virus	can	enter	from	the	ocular	tissue	or	from	an	63	

internal	cellular	origin.		64	

All	CoVs	share	a	similar	structure	consisting	of	four	main	structural	proteins:	spike	(S),	65	

membrane	(M),	envelope	(E),	and	nucleocapsid	(N)	5.	The	S	attachment	protein	binds	to	host	receptors	66	

to	enter	into	the	target	cell	and	gets	primed	by	cleavage	using	the	host	cell	proteases,	allowing	the	67	

fusion	of	viral	and	cellular	membranes.	SARS-CoV-1	and	-2	enter	the	host	cell	via	binding	to	the	68	

angiotensin-converting-enzyme-2	(ACE2)	receptor	and	is	primed	by	the	Transmembrane	Serine	69	

Protease	2	(TMPRSS2)	and,	in	the	case	of	SARS-CoV-2,	proprotein	convertase	furin	all	of	which	are	70	

expressed	on	the	ocular	surface	of	cell6,7.	71	
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	 Animal	studies	suggest	the	eye	can	serve	as	a	site	of	replication	for	numerous	respiratory	72	

infections.	Indeed,	a	study	comparing	various	routes	of	entry	in	Rhesus	monkeys	confirmed	the	ability	73	

to	detect	virus	in	the	nasolacrimal	and	pulmonary	system	upon	SARS-CoV-2	infection	via	the	74	

conjunctiva	8.	In	addition,	feline	CoVs	(FCoV)	infect	between	20	and	60%	of	domestic	and	wild	cats	75	

through	the	oral-fecal	route,	demonstrating	that	this	family	of	viruses	have	a	broad	tropism	for	diverse	76	

cell	types	9.		Moreover,	90%	of	those	checked	had	FCoV	antigens	present	in	the	conjunctiva,	suggesting	77	

ocular	secretions	were	potentially	infectious.	Two	different	strains	of	mouse	hepatitis	virus,	a	murine	78	

beta	coronavirus,	were	found	to	infect	retinal	glial	cells,	astrocytes,	oligodendrocytes	and	microglia,	79	

leading	to	inflammation	and	retinal	degeneration	10,11.	While,	direct	evidence	of	human	ocular	cells	80	

infected	by	SARS-CoV-2	is	still	lacking,	results	from	animal	studies	make	a	case	to	evaluate	infection	in	81	

human	cells.	82	

	 In	an	effort	to	determine	the	susceptibility	and	virus-host	interactions	of	SARS-CoV-2	and	the	83	

eye,	we	utilized	a	whole-eye	organoid	model	from	pluripotent	stem	cells	(hESC	and	hiPSC)	that	84	

included	the	retina,	retinal	pigment	epithelium	(RPE),	ciliary	margin,	iris,	lens	and	cornea	in	this	85	

organoid	12.	We	also	examined	adult	human	ocular	cells	from	cadaver	donors	for	comparison.	We	86	

found	cells	that	express	known	corneal	and	corneal	endothelium	markers	also	express	both	ACE2	and	87	

TMPRSS2	and	upon	SARS-CoV-2	infection,	they	mount	an	inflammatory	response,	which	suggests	that	88	

the	eye	is	susceptible	to	infection	by	SARS-CoV-2	and	a	potential	entry	route	for	the	virus.	Future	89	

studies	will	evaluate	whether	SARS-CoV-2	preferentially	targets	these	ocular	cell	types	over	others	for	90	

entry	into	the	eye.	These	data	not	only	increase	our	understanding	of	SARS-CoV-2	biology	but	they	91	

emphasize	other	means	by	which	transmission	may	persist	in	the	population	irrespective	of	wearing	92	

masks.			93	

		94	
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Results	95	

Single-cell	RNA	sequencing	of	SEAM	eye	organoids	identifies	six	corneal	cell	type	clusters	96	

Eye	organoids	from	human	pluripotent	stem	cells	enable	testing	clinically	relevant	therapeutic	97	

candidates	on	a	mass	scale.	To	this	end,	we	evaluated	whether	eye	organoids	were	a	suitable	model	to	98	

study	SARS-CoV-2	infection.	We	performed	a	modified	version	of	the	protocol	of	differentiation	of	99	

human	pluripotent	stem	cells	into	Self-formed	Ectodermal	Autonomous	Multi-zone	(SEAM)	of	ocular	100	

cells	12	(Figure	1A).	By	one	month,	four	zones	with	distinct	borders	and	cell	morphologies	are	101	

identifiable	in	the	eye	organoids,	corresponding	to	different	tissues	of	the	eye,	including	the	retinal	102	

pigment	epithelium	(RPE),	neural	retina,	ciliary	body,	lens	and	cornea.	Zone	3	exhibits	known	corneal	103	

markers,	which	express	E-cadherin,	Pax6	and	ZO-1	(TJP1)	(Figure	1B,C).	At	day	55,	the	eye	organoid	104	

cultures	were	collected	and	processed	for	single-cell	RNA	sequencing,	mapped	to	the	human	genome	105	

using	Cell	Ranger,	and	analyzed	using	unbiased	clustering	analyses	with	the	Seurat	Package	in	R.	Six	106	

distinct	clusters	were	given	cornea	annotation	based	on	differential	gene	expression	analysis,	as	107	

visualized	by	uniform	manifold	approximation	and	projection	(UMAP)	and	principal	component	108	

analysis	(PCA)	(Figure	1D).	Shared	genes	expressed	broadly	in	the	SEAM	cornea	clusters	include	KRT5,	109	

E-Cad	and	AQP3,	all	of	which	are	expressed	by	the	cornea	(Figure	1E).	Cytokeratin	KRT5	is	an	110	

intermediate	filament	and	marker	of	corneal	tissue	13.	E-cadherin	stains	for	the	region	in	SEAM	of	111	

presumptive	cornea	and	was	broadly	found	in	all	of	the	presumptive	corneal	subpopulations.	AQP3	112	

encodes	a	water	channel	protein	and	is	essential	for	transporting	water	across	cell	membranes	in	the	113	

cornea	in	response	to	osmotic	gradients	14.		Other	cytokeratins	strongly	expressed	across	all	corneal	114	

populations	include	KRT5,	KRT8,	KRT19,	KRT13,	KRT15,	KRT19	15.	We	generated	lists	of	the	genes	115	

whose	log	two-fold	change	(L2FC)	expression	distinguish	between	these	clusters.	The	top	20	genes	116	

conferring	elevated	expression	for	each	cluster	were	displayed	by	heat-map	(Figure	1F).		A	list	of	a	117	

subset	of	genes	for	each	cluster	is	presented	to	the	right	of	the	heat-map.	Additional	corneal	specific	118	

genes	were	also	expressed	in	varying	populations	including	TJP1,	CLU,	GJA1	and	MUC16,	all	essential	119	

for	corneal	organization,	regulation	of	aggregation,	moisture	and	transparency,	respectively	(Figure	120	
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1G).	Interestingly	KRT3,	a	known	marker	of	central	cornea,	was	noticeably	absent;	hence	we	supposed	121	

it	might	arise	later	in	development.	Taken	together,	we	concluded	the	SEAM	eye	organoids	contain	122	

cells	of	a	corneal	type	and	are	useful	for	examining	processes	involved	in	ocular	SARS-CoV-2	infection.	123	

	124	

Expression	of	SARS-Cov-2	related	genes	in	corneal	cells	125	

We	next	asked	if	known	receptors	used	by	SARS-CoV-2	for	cell	entry	were	present	in	corneal	126	

cells.	UMAP	expression	analysis	of	ACE2	in	presumptive	corneal	populations	in	the	SEAM	eye	127	

organoids	identified	a	subset	of	expressing	cells	(Figure	2A).	ACE2	expression	was	highest	in	cluster	3,	128	

which	was	identified	by	distinct	expression	of	β−CAT1,	SMIM22,	LCN2,	RARRES1,	and	LRMP.	This	group	129	

also	expressed	the	overall	highest	level	of	KRT5.	Jensen	TISSUES	text	mining	analysis	identified	130	

functional	categories	including	eye,	stratified	epithelium,	and	blood	vessel	endothelium	(Figure	2B).	131	

These	categories	confirm	ACE2	positive	cells	are	of	eye	origin,	and	based	on	markers,	may	specify	the	132	

limbus	or	conjunctiva.	Gene	ontological	analysis	similarly	identified	genes	involved	in	epidermis	133	

development	and	immune	system	(Figure	2B).	Mouse	gene	atlas	results	indicated	additional	epidermal	134	

cell	types	including	the	cornea	(Figure	2B).	Therefore,	consistent	with	our	previous	study	7,	a	subset	of	135	

ocular	surface	ectoderm	cells	express	ACE2.		136	

We	next	examined	the	expression	of	TMPRSS2,	another	receptor	involved	in	the	angiotensin-137	

renin	pathway	and	associated	with	coronavirus	infection	16.	Similarly	to	ACE2,	we	found	a	subset	of	138	

presumptive	corneal	cells	expressing	TMPRSS2	(Figure	2C),	however	the	number	of	cells	expressing	139	

TMPRSS2	was	much	less	than	the	number	of	cells	expressing	ACE2.	Interestingly,	the	same	clusters	1	140	

and	3	possess	the	highest	numbers	of	cells	expressing	TMPRSS2	as	ACE2.	Jensen	TISSUES	text	mining	141	

analysis	identified	terms	associated	with	nerve,	eye	and	stratified	epithelium	(Figure	2D).	Mouse	gene	142	

atlas	similarly	identified	epithelial	tissue	types	(Figure	2D).	Gene	ontological	analysis	of	TMPRSS2	143	

positive	cells	significantly	identified	with	terms	including	epidermis	development,	positive	regulation	144	

of	viral	entry	into	host	cell,	and	negative	regulation	of	epithelial	proliferation	(Figure	2D).	As	145	

mentioned,	corneal	cluster	3	possesses	the	highest	number	of	ACE2	and	TMPRSS2	positive	cells.	We	146	
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sought	to	identify	additional	markers	of	group	3	which	may	be	relevant	for	SARS-CoV-2	infection.	We	147	

found	expression	of	another	TMPRSS	gene	of	the	same	family	of	TMPRSS2,	TMPRSS11E.	We	also	148	

evaluated	the	expression	of	Basigin	(BSG),	hypothesized	to	be	an	alternative	entry	receptor	for	SARS-149	

CoV-2	17,18.	ACE2,	TMPRSS2,	TMPRSS11E	and	BSG	were	found	in	16,	6,	13,	67	percent	of	ocular	surface	150	

ectoderm,	respectively	(Figure	2E).	Additional	genes	found	in	cells	expressing	ACE2	included	KRT19,	151	

KRT15,	TMPRSS11E,	MUC1,	MUC16,	and	IL1RAP,	confirming	not	only	corneal	identity	but	also	immune	152	

markers	(Figure	2F).	Interestingly,	TMPRSS11E	possesses	a	very	similar	profile	to	ACE2	by	violin	plots.	153	

We	asked	how	similar	TMPRSS11E	is	to	TMPRSS2.	By	BLAST	analysis,	these	two	genes	share	42%	154	

amino	acid	identity,	with	some	domains	sharing	100%	identity.	We	also	compared	the	domains	of	155	

TMPRSS11E	with	TMPRSS2.	We	included	another	family	member,	TMPRSS11D,	which	is	exploited	by	156	

influenza	A	virus	and	MERS	19,20.	Interestingly,	structure	and	domains,	including	active	and	157	

glycosylation	sites	seem	to	be	consistent	in	all	three	receptors,	including	the	3’	transmembrane	158	

domain	(Figure	S1).	TMPRSS11E	and	TMPRSS11D	are	particularly	similar	and	TMPRSS2	seems	to	have	159	

a	more	complex	tertiary	structure	based	on	disulfide	bonds.	The	crystal	structure	of	TMPRSS11E	has	160	

been	determined	and	may	provide	further	insight	into	how	viruses	take	advantage	of	these	receptors	161	

21.	Given	that	even	a	trypsin-like	protease	is	capable	of	replacing	TMPRSS2	for	effective	proteolytic	162	

cleavage	leading	to	infection22,	TMPRSS11E	may	be	an	alternative	partner	for	SARS-CoV-2	infection	in	163	

corneal	cells	and	as	such,	an	inhibitor	of	TMPRSS11E	may	be	an	effective	prophylactic	against	SARS-164	

CoV-2	infection.		165	

	166	

SARS-CoV-2	infects	corneal	cells	from	adult	ocular	tissues	and	SEAM	eye	organoids	167	

	 Considering	ACE2	and	TMPRSS2	expression	in	SEAM	eye	organoids,	we	evaluated	whether	168	

SARS-CoV-2	can	infect	both	SEAM-derived	corneal	tissues	and	primary	corneal	cells	isolated	from	169	

adult	human	cadaver	eye	donors.	Donor	cells	were	digested	with	collagenase	and	plated	on	Synthemax	170	

II	(Corning)-	coated	tissue	culture	treated	plastic,	then	infected	with	SARS-CoV-2	at	a	multiplicity	of	171	

infection	(MOI)	=	1.0	for	24	hrs.	Cells	were	then	lysed	and	prepared	for	bulk	RNA	sequencing.	172	
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Sequences	were	then	mapped	to	the	human	genome	(GRCh37/hg19)	and	compared	to	non-infected	173	

control	cells	from	adult	tissues.	Adult	human	corneal	cells	from	two	genetically	different	donors	were	174	

infected	with	similar	efficiency	by	SARS-CoV-2	(Figure	3A).	The	3’	end	of	the	genome	encodes	for	at	175	

least	twelve	sub-genomic	RNAs	(sgRNA)	that	are	only	expressed	once	negative-strand	synthesis	of	the	176	

viral	genome	has	been	initiated	and	detection	of	sgRNAs	is	therefore	indicative	of	active	viral	177	

replication	23,24.	An	increase	of	read	coverage	towards	the	3’	end	in	both	donors	suggests	that	viral	178	

replication	is	taking	place	(Figure	3A).	Relative	gene	expression	was	analyzed,	and	based	on	179	

differential	gene	expression	we	conducted	a	network	analysis	of	those	genes	elevated	in	samples	180	

infected	with	SARS-CoV-2	(log2	fold	change	>	0.5,	adjusted	p-value	<	0.05)	(Figure	3B).	Two	networks	181	

emerged,	one	primarily	involved	in	cell-cycle	and	the	other	consisting	of	genes	involved	in	182	

inflammation	and	response	to	viral	infection	(Figure	3C).	Some	of	the	candidates	already	associated	183	

with	coronavirus	infection	were	present,	including	NFΚBIA,	NFKBIZ	and	CXCL1,	all	indicative	of	an	184	

NFκB-mediated	pro-inflammatory	cytokine	response.	When	expanding	on	the	direct	differentially	185	

expressed	genes,	we	find	a	greater	network	of	associated	genes	that	includes	additional	genes	known	186	

to	be	involved	in	the	anti-viral	response	(Figure	S2).		Similar	to	the	adult	human	corneal	samples,	187	

infected	SEAM	eye	organoids	also	exhibited	efficient	infection	by	SARS-CoV-2	(Figure	3D).	Bulk	RNA	188	

sequencing	of	the	infected	SEAM	organoids	revealed	expression	of	ACE2,	TMPRSS2,	BSG,	and	another	189	

infection-associated	protein,	FURIN	(Figure	3E)	all	involved	in	viral	entry,	as	well	as	reads	mapping	to	190	

the	viral	genome.	A	Furin-like	cleavage	site	has	been	identified	in	the	spike	protein	of	SARS-CoV-2	191	

which	is	not	present	in	any	other	coronavirus25.	We	therefore	returned	to	the	sgRNA-seq	and	can	192	

confirm	the	presence	of	subpopulation	of	corneal	cells	in	the	eye	organoids	expressing	Furin	(Figure	193	

S3).	Surprisingly,	members	of	the	type	I	and	III	interferon	families	(IFN-I	and	IFN-III)	were	not	detected,	194	

consistent	with	our	recent	observations	that	SARS-CoV-2	is	effective	at	suppressing	these	responses	in	195	

other	epithelial	cells26.		196	

	197	
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Comparison	of	ocular	cell	types	to	SARS-CoV-2	infection	198	

	 Susceptibility	to	SARS-CoV-2	infection	requires	the	expression	of	receptors	and	proteases	that	199	

enable	viral	entry	and	cleavage,	most	notably	ACE2	and	TMPRSS2.	In	order	to	evaluate	which	ocular	200	

tissues	express	ACE2	and	whether	expression	of	this	entry	factor	is	consistent	with	increased	201	

susceptibility	to	SARS-CoV-2	infection,	we	cultured	cell	types	isolated	from	6	regions	of	adult	human	202	

cadaver	donor	globes,	including	cornea,	limbus,	sclera,	iris,	RPE	and	choroid.	Cells	were	infected	with	203	

an	MOI	=	1.0	and	incubated	for	24hrs,	then	fixed	and	stained	with	anti-SARS-CoV-2	Spike	protein	204	

antibody	and	ACE2	antibody,	counterstained	with	DAPI	to	visualize	the	nucleus.	We	find	SARS-CoV-2	205	

positive	staining	in	cornea,	sclera,	limbus	and	RPE,	but	not	in	iris	or	choroid	(Figure	4A).	Interestingly,	206	

this	cell-type	specific	infection	is	consistent	with	expression	of	ACE2	in	the	respective	tissues	(Figure	2	207	

&	4C).	To	further	evaluate	viral	gene	expression,	RNA	was	isolated	from	these	samples	and	qPCR	208	

specifically	examining	the	transcriptional	regulatory	sequence	of	sgRNAs.	We	observed	SARS-CoV-2	209	

sgRNA	expression	in	cornea,	sclera,	limbus	iris,	RPE,	and	choroid,	with	a	somewhat	variable	expression	210	

of	ACE2	in	corneal	samples,	which	may	explain	the	relatively	lower	rate	of	SARS-CoV-2	replication	211	

observed	in	the	central	cornea	(Figure	4B).	Viral	gene	expression	in	limbal	cells	is	particularly	high,	as	212	

is	the	expression	of	ACE2	and	TMPRSS2	in	these	tissues	(Figure	4C	&	D).	Considering	the	limbus	is	the	213	

site	of	corneal	and	conjunctival	stem	cells,	the	association	between	this	function	and	higher	SARS-CoV-214	

2	infection	warrants	further	study.		The	possibility	that	SARS-CoV-2	may	exploit	the	proliferative	215	

capability	of	a	stem	cell	niche	is	intriguing,	and	supported	by	our	observation	from	RNA-seq	that	a	cell	216	

cycle	network	was	activated	in	cells	infected	with	SARS-CoV-2.	(Figure	3D,	Figure	S2).	Taken	together,	217	

this	data	suggests	the	ocular	surface	does	not	only	possess	the	machinery	understood	to	be	necessary	218	

for	SARS-CoV-2	infection,	but	do	indeed	become	infected	by	SARS-CoV-2	when	exposed.	Ongoing	219	

studies	are	evaluating	infection	characteristics	of	the	eye	in	an	in	vivo	model.		220	

	221	
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Discussion	222	

Previously,	we	reported	the	expression	of	ACE2	and	TMPRSS2	among	other	SARS-CoV-2-223	

associated	human	genes	in	tissues	of	the	adult	human	eye	7.	Here,	we	demonstrate	human	ocular	224	

surface	cells	become	infected	when	exposed	to	SARS-CoV-2.	Our	data	show	that	when	compared	to	225	

other	cell	types	of	the	eye,	the	ocular	surface	ectoderm	expresses	the	receptors	used	by	SARS-CoV-2	to	226	

infect	human	cells	and	that	these	cells	become	infected	when	exposed	to	the	virus.	Similar	to	what	we	227	

previously	observed	in	tissues	of	the	respiratory	system26,	the	IFN-I	and	IFN-III	response	is	228	

suppressed	upon	SARS-CoV-2	infection.	In	addition	to	these	main	observations,	we	show	the	ocular	229	

surface	ectoderm	derived	from	zone	3	of	the	hESC-derived	SEAM	organoids	is	a	useful	model	for	230	

studying	SARS-CoV-2	infection.	These	cells	not	only	express	the	typical	markers	of	ocular	surface	231	

ectoderm,	but	sub-clusters	can	be	identified	with	similarity	to	subtypes	of	cells	from	the	ocular	surface	232	

ectoderm	such	as	corneal	endothelium,	corneal	stroma,	corneal	epithelium,	and	conjunctiva.	In	233	

addition,	presumptive	conjunctiva	and	proto-corneal	cells	in	the	SEAM	eye	organoids	not	only	express	234	

ACE2	and	TMPRSS2,	but	also	become	infected	by	SARS-CoV-2.	We	also	reported	the	expression	of	235	

another	TMPRSS	family	member,	TMPRSS11E,	in	the	same	ocular	surface	ectoderm	population	236	

expressing	ACE2.	Interestingly,	though	IFN-I/-III	response	was	suppressed,	an	inflammatory	response	237	

was	still	mounted	–	presumably	as	a	result	of	constitutive	NF-kB	activation.		This	latter	conclusion	is	238	

based	on	the	fact	that	NFΚBIA	is	differentially	expressed	upon	SARS-CoV-2	infection.		The	product	of	239	

this	transcript	is	responsible	for	inhibiting	the	nuclear	translocation	of	p50/p65	but	it	itself	is	also	240	

transcriptionally	induced	by	these	factors	–	generating	a	negative	feedback	loop	27.		The	consistent	up	241	

regulation	of	NFΚBIA	would	suggest	that	some	aspect	of	SARS-CoV-2	biology	results	in	constitutive	242	

NFκB	activation.		243	

	 The	success	of	SARS-CoV-2	infection,	like	SARS-CoV-1,	has	been	proposed	to	originate	from	the	244	

inhibition	of	the	normal	antiviral	immune	response	and	delaying	an	IFN	response.	Based	on	animal	245	

models,	SARS-CoV-1	was	found	to	induce	a	robust	cytokine	response	that	generally	shows	a	delay	in	246	
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IFN-I,	culminating	in	the	improper	recruitment	of	inflammatory	monocyte-macrophage	populations	28.	247	

The	IFN	response	did	not	become	active	when	cells	were	exposed	to	SARS-CoV-2,	which	suggests	this	248	

IFN	suppression	is	common	not	only	between	SARS	viruses,	but	also	among	human	cell	types.	Whether	249	

this	suppression	is	due	to	dynamics	of	the	angiotensin-renin	system	is	not	known.	Monocyte-250	

associated	and	antiviral	chemokines	CXCL1,	CXCL2,	CXCL6	were	upregulated,	although	not	all	reach	251	

statistical	significance29-31.	Consistent	with	previous	reports	32,33	as	well	as	description	of	patients	252	

infected	with	SARS-CoV-2	34,	expression	of	CXCL1,	CXCL2,	CXCL3,	and	CXCL6	suggests	neutrophils	may	253	

also	contribute	to	the	disease	observed	in	COVID-19	patients.	Monocyte-associated	chemokines	may	254	

predict	individuals	at	risk	for	developing	severe	disease	symptoms.		255	

	 While	there	are	few	whole	transcriptome	RNA	sequencing	reports	currently	exploring	the	256	

response	of	SARS-CoV-2	infection	to	cells	of	the	eye,	non-infected	ocular	datasets	suggest	robust	257	

inflammatory	responses	are	present.	RNA-seq	and	ATAC-seq	of	the	same	samples	report	open	258	

chromatin	and	transcriptional	expression	of	inflammatory	regulators	including	TNF,	IFN-I/-III,	and	259	

components	of	NFκB	signaling	6.	We	observe	an	elevation	in	NFκB	signaling,	while	IFN-I/-III	biology	is	260	

suppressed	in	the	network	activated	by	SARS-CoV-2	infection,	despite	replicating	virus.	SARS-CoV-2	261	

encodes	multiple	accessory	proteins	that	are	believed	to	mute	the	cellular	antiviral	response	by	262	

blocking	either	induction	of	interferon	or	perturbating	JAK/STAT	signaling	pathway.	The	closely	263	

related	SARS-CoV-1	encodes	nsp1	that	degrades	IFNB	mRNA	35	and	ORF6	that	blocks	STAT1	nuclear	264	

translocation	36.	Both	proteins	show	high	sequence	similarity	between	SARS-CoV-1	and	SARS-CoV-2.	265	

Also,	NFkB	signaling	can	itself	selectively	suppress	IFN	responses	37,	suggesting	there	is	a	tightly	266	

controlled	orchestration	of	inflammatory	signaling	upon	SARS-CoV-2	infection.		267	

	 The	evidence	of	the	SARS-CoV-2	infection	by	the	eye	in	patients	with	COVID-19	is	mixed.	While	268	

in	a	controlled	environment,	conjunctiva	of	Rhesus	monkeys	became	infected	with	SARS-CoV-2	8,	the	269	

evidence	of	viral	titer	in	the	eye	in	patients	hospitalized	for	COVID-19	has	been	less	convincing.	One	270	

meta-analysis	study	of	published	reports	found	that	out	of	252	patients	11	had	positive	tear	PCR	4.	271	

Another	meta-analysis	of	over	25,000	patients	found	a	significant	correlation	to	eye	protection	and	272	
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reduced	rates	of	infection	38.	Others	suggest	the	risk	of	becoming	infected	through	the	eye	is	273	

overblown	39.	Whether	SARS-CoV-2	may	infect	the	eye	directly	or	from	systemic	infection	via	oral	or	274	

nasal	routes	is	not	known.	Our	data	shows	the	surface	ocular	cells	possess	the	necessary	machinery	275	

(ACE2	and	TMPRSS2)	and	become	readily	infected	upon	viral	exposure	from	a	relatively	low	(1.0)	MOI.		276	

	 In	conclusion,	the	data	presented	shows	cells	of	the	human	ocular	surface	are	at	risk	for	277	

infection	by	SARS-CoV-2	and	thus	is	an	entry	vector	warranting	protection.	The	limbus	seems	to	be	the	278	

most	at	risk,	due	to	the	high	expression	of	ACE2	and	TMPRSS2,	as	well	as	a	higher	infection	titer	of	any	279	

other	ocular	cell	type.	The	SEAM	eye	organoid	is	an	effective	model	by	which	compounds	can	be	tested	280	

to	identify	prophylactics	that	may	protect	the	eyes	from	infection.	SARS-CoV-2	effectively	suppresses	281	

the	IFNβ	response	in	cells	of	the	eye,	which	is	consistent	with	its	effect	in	other	tissues	of	the	body.	282	

Future	studies	are	warranted	to	better	understand	how	infection	in	the	eye	may	lead	to	transmission	283	

into	other	regions	of	the	body.		284	

	285	

Figure	Legends	286	

Figure	1.	Zone	3	in	the	SEAM	eye	organoids	composed	of	cells	expressing	ocular	surface	287	

ectoderm	gene	profile.	(A)	hESC-derived	SEAM	organoids	were	differentiated	for	55	days,	then	288	

processed	for	single	cell	RNA-seq	and	immunohistochemical	analysis	(n	=1	biological	replicate).	B)	289	

Unbiased	clustering	was	conducted	using	the	Seurat	Package	in	R.	C)	SEAM	eye	organoids	were	290	

evaluated	for	the	presence	of	ocular	surface	ectoderm	markers	in	Zone	3.	D)	Cells	possessing	ocular	291	

surface	ectoderm	annotation	were	further	clustered,	presented	as	UMAP	and	PCA.	E)	UMAP	292	

presentation	of	relative	expression	of	known	corneal	markers	across	the	ocular	surface	ectoderm	cell	293	

clusters.	F)	Heatmap	of	genes	distinguishing	each	cluster	by	relative	expression.	G)	Violin	plots	of	294	

known	markers	of	corneal,	limbal	and	conjunctival	cells.	295	

	296	

Figure	2.	Presumptive	corneal	cell	clusters	from	SEAM	eye	organoids	express	ACE2	and	297	

TMPRSS2.	A)	Relative	expression	of	ACE2	in	corneal	clusters	from	SEAM	eye	organoids	presented	as	298	

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=3650574



UMAP	and	violin	plot.	B)	ACE2	positive	cells	evaluated	by	Jensen	TISSUES,	Mouse	Gene	Atlas	and	Gene	299	

Ontology	analyses.	C)	Relative	expression	of	TMPRSS2	in	corneal	clusters	from	SEAM	eye	organoids	300	

presented	as	UMAP	and	violin	plot.	D)	TMPRSS2	positive	cells	evaluated	by	Jensen	TISSUES,	Mouse	301	

Gene	Atlas	and	Gene	Ontology	analyses.	E)	Table	showing	total	cell	number	and	percentage	of	the	302	

corneal	cells	from	SEAM	eye	organoids	expressing	potential	SARS-CoV-2	targets.	F)	Violin	plots	of	cell	303	

clusters	and	their	respective	relative	expression	of	genes	central	to	corneal	function	as	well	as	304	

inflammatory	responses	to	viral	entry.	305	

	306	

Figure	3.	SARS-CoV-2	induces	an	inflammatory	response	in	infected	human	adult	corneal	307	

tissues	and	hESC-derived	SEAM	corneal	cells.	A)	Adult	human	corneal	cells	isolated	from	two	308	

genetically	different	adult	human	donor	eyes	were	infected	with	SARS-CoV-2,	then	sequenced	for	the	309	

presence	of	viral	genome	transcripts	and	mapped	(n=2	biological	replicates).	B)	RNA-sequencing	310	

analysis	comparison	between	non-infected	controls	and	infected	cells	uncovers	the	upregulation	of	an	311	

inflammatory	network.	The	five	most	up	regulated	genes	are	labeled	by	name.	Vertical	lines	indicate	a	312	

log2	fold	change	of	+/-	0.5	and	the	horizontal	line	indicates	an	adjusted	p-value	=	0.05.		C)	Gene	313	

network	analysis	of	upregulated	genes	from	(B)	identifies	an	inflammatory	complex	and	a	complex	314	

involved	in	mitosis.	D)	hESC-derived	SEAM	eye	organoids	were	infected	with	SARS-CoV-2,	then	315	

sequenced	for	presence	of	viral	genome	transcripts	and	mapped	(n	=	1	biological	replicate).	E)	Table	of	316	

reads	per	million	(RPM)	of	genes	associated	with	SARS-CoV-2	infection.	317	

	318	

Figure	4.	Ocular	cell	types	isolated	from	adult	human	eyes	infected	with	SARS-CoV-2.	A	selection	319	

of	ocular	tissues	(cornea	(n=4),	limbus	(n=3),	sclera	(n	=4),	iris	(n=3),	RPE	(n=2),	choroid	(=3)	320	

biological	replicates)	were	isolated	from	adult	human	cadaver	donor	eyes	and	cultured.	Cells	were	321	

exposed	to	0.1units/cell	of	active	SARS-CoV-2	virus	for	48	hrs.	A)	Immunofluorescence	imaging	of	322	

ocular	cells	upon	staining	for	active	SARS-CoV-2	virus	and	ACE-2	receptor	expression.	B)	RNA	was	323	

isolated	and	qPCR	analysis	was	conducted	to	evaluate	expression	of	SARS-CoV-2,	C)	ACE-2	and	D)	324	
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TMPRSS2	relative	to	internal	controls.	Y-axis	scaled	in	log10	format.	Scale	bars	=	100µm.	Error	bar	325	

indicates	SEM.		326	

327	
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Figure	2	330	
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Figure	3	334	
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Figure	4	337	
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	358	

Materials	and	Methods	359	

Adult	human	eye	tissue	dissection	and	dissociation.	Human	globes	from	donors	aged	between	36	360	

and	90 years	were	obtained	within	40 h	of	death	from	the	Eye-Bank	for	Sight	Restoration,	Inc.,	New	361	

York,	NY,	and	Miracles	in	Sight,	Winston-Salem,	NC.	The	eye	tissues	were	separated	from	the	eye	globe	362	

using	forceps	and	scissors	then	cut	into	1mm2	pieces	and	placed	into	2%	collagenase	(Worthington,	363	

NJ),	3ug/ml	DNase	I	Solution	(STEMCELL	Technologies)	and	2uM	Thiazovivin	ROCK	Inhibitor	for	a	364	

minimum	of	2	hours.	Cells	were	isolated	from	the	tissue	pieces	by	trituration,	then	pelleted	by	365	

centrifugation	at	356	x	g	for	5	mins	and	plated	into	tissue	culture	treated	plates	coated	with	366	

Synthemax	II	(Corning,	AZ)	with	Dulbecco’s	Modified	Eagle	Medium:	Nutrient	Mix	F-12	(DMEM/F12,	367	
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Life	Technologies),	containing	10%	Heat	Inactivated	Fetal	Bovine	Serum	(FBS,	Sigma),	and	2	uM	368	

Thiazovivin	ROCK	inhibitor.	Cells	were	frozen	down	prior	to	single-cell	RNA	sequencing	using	369	

CryoStor	CS2	Freeze	Media	in	Mr.	Frosty	containers.		370	

	371	

Immunofluorescence	staining.	Cells	were	fixed	with	4%	paraformaldehyde	(PFA,	Fisher)	for	24	h,	372	

rinsed	3	times	with	phosphate	buffered	saline	(PBS),	and	incubated	with	0.03%	Triton	X-100	(Fisher),	373	

1%	bovine	serum	albumin	(BSA)	and	5%	Normal	Goat	Serum	(Jackson	ImmunoResearch	Laboratories,	374	

Inc.)	for	1h	to	permeabilize	cells	and	block	non-specific	reaction.	Primary	antibodies	(Supplementary	375	

Table	1)	were	resuspended	in	1%	BSA	in	PBS	and	added	for	overnight	incubation	at	4 °C.	Cells	were	376	

then	rinsed	3	times,	and	then	incubated	with	the	corresponding	Alexa	Fluor	conjugated	secondary	377	

antibodies	and	DAPI	(Supplementary	Table	2)	at	room	temperature	for	45	min.	Finally,	cells	were	378	

rinsed	3	times	and	PBS	was	added.	Images	were	taken	using	a	Leica	DMI6000	inverted	microscopy.		379	

	380	

Single-cell	RNA	sequencing.	Frozen	vials	of	freshly	isolated	adult	human	tissues	and	SEAM	ocular	381	

cultures	collected	on	day	55	of	differentiation	were	used	for	single	cell	RNA-seq.	Viability	of	single	cells	382	

was	assessed	using	Trypan	Blue	staining,	and	debris-free	suspensions	of	>80%	viability	were	deemed	383	

suitable	for	single	cell	RNA	Seq.	Cells	were	processed	using	the	10X	Genomics	Chromium	controller	384	

v3.16	and	the	Chromium	Single	Cell	3’	Library	and	Gel	Bead	Kit	v3.0	using	an	input	of	~10,000	cells.	385	

Gel	beads	were	prepared	according	to	standard	manufacturer’s	protocols.	Oil	partitions	of	a	single-cell	386	

and	oligo	coated	gel	beads	(GEMs)	were	captured	and	reverse	transcription	was	performed,	resulting	387	

in	cDNA	tagged	with	a	cell	barcode	and	unique	molecular	index	(UMI).	Next,	GEMs	were	broken,	and	388	

cDNA	was	amplified	and	quantified	using	Agilent	Bioanalyzer	High	Sensitivity	chip	(Agilent	389	

Technologies)	and	QuBit	analysis	(Thermofisher).	The	samples	were	sequenced	on	the	Novaseq	6000	390	

Illumina	sequencer	with	S4	flow	cell,	(100/paired	end	reads)	targeting	a	depth	of	50,000-100,000	391	

reads	per	cell	using	v3	chemistry	at	the	genomics	core	facility	at	Mount	Sinai.	Fastq	files	were	392	

generated	using	Cell	Ranger	Single-Cell	Software	Suite	(v3.1)	and	were	aligned	to	the	grch38	reference	393	
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genome.	Downstream	analyses	and	graph	visualizations	were	performed	in	the	Seurat	R	package	(v.	394	

3.1.2).	Briefly,	we	removed	cells	with	unique	gene	counts	greater	than	5,500	(potential	doublets)	and	395	

less	than	500.	After	removing	the	unwanted	cells,	3,380	cells	from	the	various	adult	human	tissues	and	396	

5,669	cells	from	the	SEAM	culture	were	normalized	by	a	global-scaling	normalization	method	397	

(LogNormalize)	with	the	default	scale	factor	(10,000).	Linear	dimensional	reduction	was	performed	by	398	

PCA,	and	following	which	clustering	was	performed.	The	results	were	visualized	using	Uniform	399	

Manifold	Approximation	and	Projection	(UMAP)	plots	for	dimension	reduction.	Violin	and	individual	400	

gene	UMAP	plots	were	generated	using	the	Seurat	R	package.	Heatmaps	were	generated	from	the	top	401	

20	differentially	expressed	genes	per	cluster,	and	some	were	using	a	subset	of	100	cells	per	cluster,	as	402	

indicated	in	the	figure	legends.	Cluster	annotation	was	guided	by	manual	gene	expression	notation,	403	

which	was	complemented	by	Enrichr	gene	set	enrichment	analysis,	using	the	top	100	differentially	404	

expressed	genes	for	each	cluster.	Jensen	TISSUES	text	mining	provided	the	association	between	genes	405	

and	human	tissues,	the	Mouse	Gene	Atlas	from	BioGPS	was	used	for	cell	type	specifications	and	gene	406	

ontologies	were	generated	using	the	GO	biological	process	2018	terms.		407	

	408	

Quantitative	real-time	PCR	analysis	Cells	were	lysed	in	TRIzol	Reagent	(Invitrogen)	and	separated	409	

into	an	aqueous	and	an	organic	layer	by	centrifugation	following	the	addition	of	chloroform.	RNA	was	410	

precipitated	from	the	aqueous	layer	with	isopropanol,	washed	in	75%	ethanol	and	resuspended	in	411	

nuclease	free	ddH2O.		Prior	to	reverse	transcription,	samples	were	DNase	treated	with	DNA-free	DNA	412	

removal	kit	(Invitrogen).	cDNA	was	generated	using	oligo	d(T)	primers	(Invitrogen)	and	SuperScript	II	413	

Reverse	Transcriptase	(Thermo	Fisher).	Quantitative	real-time	PCR	was	performed	on	a	LightCycler	414	

480	Instrument	II	(Roche)	using	KAPA	SYBR	FAST	qPCR	Master	Mix	Kit	(Kapa	Biosystems)	and	415	

primers	specific	for	SARS-CoV-2	N	subgenomic	RNA	and	TUBA1A,	ACE2,	TMPRSS2,	IL6	and	IFNB	416	

spanning	at	least	one	intron	(except	IFNB)	(Table	S1).	Delta-delta-cycle	threshold	(ΔΔCT)	was	417	

determined	relative	to	mock-infected	samples.	Viral	RNA	levels	were	normalized	to	TUBA1A	and	418	

depicted	as	fold	change	over	mock-infected	samples.	419	
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	420	

RNA	sequencing	of	viral	infections	1µg	of	total	RNA	was	enriched	for	polyadenylated	RNA	species	421	

and	prepared	for	next-generation	sequencing	using	the	TruSeq	Stranded	mRNA	Library	Prep	Kit	422	

(Illumina)	according	to	the	manufacturer’s	instructions.	Sequencing	libraries	were	sequenced	on	an	423	

Illumina	NextSeq	500	platform.		424	

	425	

Bioinformatic	analyses	Raw	reads	were	aligned	to	the	human	genome	(hg19)	using	the	RNA	express	426	

app	on	Basespace	(Illumina)	and	differential	gene	expression	was	determined	using	the	DEseq2	427	

protocol	[REF:	PMID	25516281].	STRING	was	used	to	search	for	enriched	biological	processes	among	428	

the	differentially	expressed	genes	(log2	fold	change	>	0.5,	adjusted	p-value	<	0.05).	Raw	reads	were	429	

aligned	to	the	SARS-CoV-2	genome	(SARS-CoV-2/USA-WA1/2020	isolate,	GenBank	accession	no.	430	

MN985325.1)	using	bowtie2	and	read	coverage	was	visualized	using	ggplot2	in	R.	431	

	432	

Virus	infections	Live	virus	isolate	was	deposited	by	the	Center	for	Disease	Control	and	Prevention	433	

and	obtained	through	BEI	Resources,	NIAID,	NIH.	The	strain	SARS-CoV-2/USA-WA1/2020	was	used	434	

for	all	experiments.	Virus	stocks	were	propagated	on	Vero	E6	cells	(ATCC,	CRL-1586)	and	serum	in	the	435	

cell	media	was	reduced	to	2%	for	all	infection	experiments.	All	experiments	that	involved	live	SARS-436	

CoV-2	virus	were	carried	out	in	a	CDC/USDA-approved	biosafety-level	3	(BSL-3)	facility	at	the	Icahn	437	

School	of	Medicine	at	Mount	Sinai	(New	York,	USA)	in	accordance	with	institutional	biosafety	438	

requirements.	All	infected	samples	were	inactivated	by	lysis	in	TRIzol	Reagent	(Invitrogen)	or	24h	439	

incubation	in	5%	paraformaldehyde	prior	to	removal	from	the	BSL-3	facility.	440	

	441	

Human	embryonic	stem	cells	culture	and	maintenance.	Human	embryonic	stem	cell	(hESC)	line	H9	442	

was	obtained	from	WiCell.	hESCs	were	cultured	and	maintained	on	irradiated	MEFs	in	Dulbecco’s	443	

Modified	Eagle	Medium:	Nutrient	Mix	F-12	(DMEM/F12,	Life	Technologies),	containing	20%	knockout	444	

serum	replacement	(KSR,	Life	Technologies)	and	supplemented	with	1X	L-Glutamine	(Life	445	
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Technologies),	1X	MEM	Non-Essential	Amino	Acids	Solution	(Life	Technologies),	1X	Penicillin-446	

Streptomycin	(10,000 U/mL,	Life	Technologies),	0.1	mM	2-mercaptoethanol	(Sigma).	10	ng/ml	FGF-447	

basic	(Gibco)	was	freshly	added	to	media	before	use.	Prior	to	differentiation,	hESCs	were	seeded	onto	448	

Matrigel-coated	dishes	(Corning)	in	mTeSR1	(STEMCELL	Technologies)	media	for	at	least	three	449	

passages.		450	

	451	

SEAM	ocular	culture	differentiation.	The	differentiation	of	hESCs	was	performed	as	indicated	in	452	

Fig.3A.	First,	hESCs	were	seeded	as	single	cells	onto	Matrigel-coated	dishes	at	500cells	cm-2	(5,000	453	

cells	in	one	well	of	a	6	Well	plate),	after	which	they	were	cultured	in	mTeSR1	media	for	10	days	to	454	

achieve	round	small-to-medium-sized	separate	colonies.	Half	of	the	culture	medium	was	then	changed	455	

to	SEAM	differentiation	media;	GMEM	(Life	Technologies),	10%	knockout	serum	replacement	(KSR,	456	

Life	Technologies)	and	supplemented	with	1X	L-Glutamine	(Life	Technologies),	1X	MEM	Non-Essential	457	

Amino	Acids	Solution	(Life	Technologies),	1X	Penicillin-Streptomycin	(10,000 U/mL,	Life	458	

Technologies),	Sodium	Pyruvate	(100mM,	Life	Technologies)	and	0.1	µM	2-mercaptoethanol	(Sigma).	459	

Media	changes	were	performed	three	times	per	week	throughout	the	differentiation,	in	which	half	of	460	

the	media	was	changed	for	the	first	week	of	differentiation,	after	which	full	media	changes	were	made.	461	

After	four	to	seven	weeks	of	differentiation,	SEAM	structures	were	mature	and	pigmented,	at	which	462	

point	they	were	analyzed	and/or	harvested.		463	

	464	

SEAM	ocular	culture	dissociation.	Differentiated	SEAM	cultures	were	dissociated	in	the	incubator	for	465	

1-hour	at	37 °C,	20%	O2,	5%	CO2	using	2.5	mg/ml	Collagenase	2	(Worthington	Biochemical	466	

Corporation)	in	Hanks’	Balanced	Salt	Solution	with	3ug/ml	DNase	I	Solution	(STEMCELL	467	

Technologies)	and	2uM	Thiazovivin	ROCK	Inhibitor.	The	harvested	cells	were	washed	with	Dulbecco’s	468	

Modified	Eagle	Medium:	Nutrient	Mix	F-12	(DMEM/F12,	Life	Technologies),	containing	0.1%	BSA,	469	

3µg/ml	DNase	I	Solution	and	2	uM	Thiazovivin	and	then	filtered	with	a	40um	cell	strainer	(Corning).	470	
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Cells	were	frozen	down	prior	to	single-cell	RNA	sequencing	in	90%	Heat	Inactivated	Fetal	Bovine	471	

Serum	(FBS,	Sigma)	and	10%	DMSO	(COMPANY)	using	Mr.	Frosty	containers.		472	

	473	

474	
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KEY RESOURCES TABLE 475	
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Mouse-anti-Sars-CoV-2 Spike (S)  2B3E5 
Rb pAb to ACE2 Abcam AB15348 

Lot: GR3333640-8 
Alexa Fluor 488 F(ab’)2 fragment nt of goat anti-mouse 
IgG  

Invitrogen A11017 
Lot: 2108802 

Alexa Fluor 647 F(ab’)2 fragment nt of goat anti-Rabbit 
IgG 

Invitrogen A21246 
Lot: 2069609 

Bacterial and Virus Strains  
SARS-CoV-2 isolate USA-WA1/2020 BEI Resources Cat# NR-52281 
Biological Samples   
Human eye globes  Eye-Bank for Sight 

Restoration 
 

Chemicals, Peptides, and Recombinant Proteins 
Collagenase Worthington LS004176 
Ambion DNase I Solution Invitrogen AM2222 
Thiazovivin Stem Cell 

Technologies  
100-0247 

Synthemax II Corning 3535 
CryoStor CS2 Freeze Media Sigma-Aldrich  C3124 
TRIzol Reagent  Invitrogen 15596026 
Matrigel Corning 354230 
Critical Commercial Assays 
Chromium Single Cell 3’ Library and Gel Bead Kit v3.0 10xGenomics  
10X Genomics Chromium controller v3.16 10xGenomics  
DNA-free DNA removal kit Invitrogen  AM1906 
KAPA SYBR FAST qPCR Master Mix Kit Universal Kapa Biosystems Cat# KK4601 
TruSeq Stranded mRNA Library Prep Kit Illumina Cat# 20020594 
Deposited Data 
Mouse Gene Atlas BioGPS http://biogps.org/do

wnloads/ 
DEseq2 protocol  PMID 25516281 
SARS-CoV-2/USA-WA1/2020 isolate GenBank MN985325.1 
Experimental Models: Cell Lines 
Human: Passage 35-40 H9 ES cells WiCell N/A 
Adult human RPE cells, Passage 1-3 This paper N/A 
Adult human Cornea cells, Passage 1-3 This paper N/A 
Adult human Limbus cells, Passage 1-3 This paper N/A 
Adult human choroid cells, Passage 1-3 This paper N/A 
Adult human Iris cells, Passage 1-3 This paper N/A 
Adult human Iris cells, Passage 1-3 This paper N/A 
Oligonucleotides 
Primer: Sars-CoV-2 N sgRNA Forward: 
CTCTTGTAGATCTGTTCTCTAAACGAAC 

 (Blanco-Melo et al. 
2020) 

• 40 

Primer: Sars-CoV-2 N sgRNA Reverse: 
GGTCCACCAAACGTAATGCG  
 

•  (Blanco-Melo 
et al. 2020) 

• 40 

Primer: TUBA1A Forward: 
GCCTGGACCACAAGTTTGAC 

(Blanco-Melo et al. 
2020) 

• 40 

Primer: TUBA1A Reverse: 
TGAAATTCTGGGAGCATGAC  
 

•  (Blanco-Melo 
et al. 2020) 

40 
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Primer: ACE2  Forward: 
CGAGTGGCTAATTTGAAACCAAGAA 

• (Zhang et al. 
2020) 

• 41 

Primer: ACE2  Reverse: ATTGATACGGCTCCGGGACA  
 

• (Zhang et al. 
2020) 

• 41 

Primer: TMPRSS2 Forward: 
GTCCCCACTGTCTACGAGGT 

• (Vidal et al. 
2015) 

42 

Primer: TMPRSS2 Reverse: 
ATTGATACGGCTCCGGGACA  
 

•  (Vidal et al. 
2015) 

• 42 

Primer: IL6 Forward: GGTCAGAAACCTGTCCACTG This paper N/A 
Primer: IL6 Reverse: CAAGAAATGATCTGGCTCTG  
 

This paper N/A 

Primer: IFNB Forward: ACAGCATCTGCTGGTTGAAG •  (Blanco-Melo 
et al. 2020) 

40 

Primer: IFNB Reverse:  
AGGCAAGGCTATGTGATTAC  
 

•  (Blanco-Melo 
et al. 2020) 

• 40 

Software and Algorithms 
Cell Ranger Single-Cell Software Suite (v3.1)   
Seurat R package Seurat et al., 2019 43 
Jensen TISSUES text Jensen Lab https://tissues.jense

nlab.org 
ImageJ Schneider et al., 2012 44 
bowtie2 R package  Langmead and 

Salzberg, 2012 
45 

ggplot2 R package  Wickham H., 2016 
 

https://ggplot2.tidyv
erse.org. 

DOI:10.1007/978-
0-387-98141-3 

 
RNA-Express v1.1.10 
 

Ilumina 
 

http://basespace.ill
umina.com/dashbo

ard 
STRING 
 

• (Szklarczyk et 
al. 2019) 

46 

R R Foundation for 
Statistical Computing, 
 

https://www.R-
project.org/ 
 

BaseSpace Illumina http://basespace.ill
umina.com/dashbo
ard 
 

	476	

	477	

478	
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Supplemental Figure 1 609	
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Supplemental Figure 1. Domain alignment of members of the TMPRSS family. Alignment generated 
with the help of information from Uniprot.org. Active site = protease activity.
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Supplemental Figure 2 613	
 614	
A B

 615	
Supplemental Figure 2. Greater networks of differentially expressed genes in corneal cells upon 616	
SARS-CoV-2 infection. A) Network of inflammation associated genes. B) Network of cell cycle 617	
associated genes.	618	
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Supplemental Figure 3 619	
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Supplemental Figure 3. Presumptive corneal cell clusters from SEAM eye organoids were 621	
evaluated for expression of FURIN. A) Relative expression of FURIN in corneal clusters from 622	
SEAM eye organoids presented as UMAP and violin plot. B) FURIN positive cells evaluated by 623	
Jensen TISSUES, Mouse Gene Atlas and Gene Ontology analyses. 624	
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